We have studied the conformational dynamics associated with the nanoscale DNA bending induced by human immunodeficiency virus type 1 (HIV-1) nucleocapsid (NC) protein using single-molecule Forster resonance energy transfer (SM-FRET). To gain molecular-level insights into how the HIV-1 NC locally distorts the structures of duplexed DNA segments, the dynamics, reversibility, and sequence specificity of the DNA bending behavior of NC have been systematically studied. We have performed SM-FRET measurements on a series of duplexed DNA segments with varying sequences, lengths, and local structures in the presence of the wide-type HIV-1 NC and NC mutants lacking either the basic N-terminal domain or the zinc fingers. On the basis of the SM-FRET results, we have proposed a possible mechanism for the NC-induced DNA bending in which both NC's zinc fingers and N-terminal domain are found to play crucial roles. The SM-FRET results reported here add new mechanistic insights into the biological behaviors and functions of HIV-1 NC as a retroviral DNA-architectural protein which may play critical roles in the compaction, nuclear import, and integration of the proviral DNA during the retroviral life cycle.
■ INTRODUCTION
Double-stranded DNA (dsDNA) has long been considered as a relatively stiff polymer with a bending-persistence length of ∼50 nm (140−150 bp) in salted buffer solutions.
1,2 A short dsDNA segment within the persistence length is thought to behave like a rigid rod that requires large force and energy cost to bend. 1, 2 Although energetically unfavorable, sharp DNA bending over length scales as small as a few nanometers occurs spontaneously with the help of DNA-bending proteins. 3−14 DNA in vivo is often sharply distorted away from its classic Bform conformations, giving rise to highly compacted DNA structures in nucleoprotein complexes, such as eukaryotic nucleosomes, 7 ,10 viral capsids, 11 and transcription initiation complexes. 12−14 The molecular conformations and conformational dynamics of these nucleoprotein complexes are essentially key factors that determine the thermodynamics and kinetics of various biomolecular processes involving such nanoscale DNA bending. 4, 6, 7, 10 Probing the conformational dynamics associated with local DNA bending over a nanometer length scale, however, has been a significant challenge. Such protein-induced DNA bending usually involves various intermediates along multiple reaction pathways and exhibits heterogeneous molecular dynamics over multiple time scales 8,9,15−20 that cannot be easily synchronized and thereby resolved by conventional ensemble measurements. Using single-molecule approaches turns out to be an extremely powerful way to characterize these complex biomolecular processes without the ensemble averaging effects.
Here we use single-molecule Forster resonance energy transfer (SM-FRET) 21 to probe the conformational dynamics and heterogeneity associated with the nanoscale DNA bending induced by the HIV-1 nucleocapsid (NC) protein. HIV-1 NC is a small viral protein (55 amino acids in length) composed of a basic N-terminal domain and two nonequivalent CCHC-type zinc fingers. 22, 23 In spite of its structural simplicity, NC behaves as a multifunctional viral protein that has long been recognized as both a structural protein that stabilizes the virion and a nucleic acid chaperone that facilitates critical structural rearrangements of nucleic acids, such as the strand transfers during the reverse transcription. 22, 23 While still lacking molecular-level understanding, NC's roles in proviral DNA compaction and integration have also been proposed. 24−26 Whether the NC-mediated proviral DNA compaction involves sharp, nanoscale DNA bending had been an open question until recently when we discovered that HIV-1 NC could indeed induce dynamic sharp bending of a short proviral DNA segment over the nanometer length scale. 27 The biological roles of NC as a nanoscale DNA-bending protein in retrovirus are believed to be related to several key events during the retroviral life cycle, such as the protection of the proviral DNA from nuclease digestion, nuclear import of the proviral DNA, and the integration of proviral DNA into the host cell genome. 24−27 SM-FRET is a powerful spectroscopic tool that one can use to unravel the complex structural dynamics of biomolecules. 18,21,28−39 In this paper, we use SM-FRET as a nanoscale molecular ruler to study in great detail the conformational dynamics of the DNA−NC nucleoprotein complexes over multiple time scales from milliseconds to minutes, based on which molecular-level understanding of how NC binding locally distorts the structures of DNA has been developed. We first compare the conformational dynamics of a fully duplexed 59-base pair (bp) DNA segment corresponding to the HIV-1 Trans Activating Response (TAR) sequences as a model system in the absence and presence of NC. Several important issues regarding the DNA−NC interactions, such as the bending dynamics, reversibility, and sequence specificity, have been addressed using SM-FRET. We then present SM-FRET results on DNA duplex segments with mismatching bases to show how the presence of internal loops modifies the energy landscape and kinetics of the DNA bending process. To gain further insights into the mechanisms, we have also compared the DNA bending behaviors of the wide-type HIV-1 NC and NC mutants lacking either the basic N-terminal domain or the zinc fingers. To correlate the DNA bending with the NC binding stoichiometry, we have further investigated the effects of NC concentrations and the bending of DNA segments with varying lengths. Finally in the Summary section, we propose a possible mechanism based on the SM-FRET results for the NC-induced DNA bending in which NC zinc fingers and the N-terminal domain are both found to play crucial roles.
■ EXPERIMENTAL DETAILS
Sample Preparation. DNA oligonucleotides containing appropriate dye labeling and biotin functionalization were purchased from Integrated DNA Technologies (Coralville, IA) and were purified by the supplier using high-performance liquid chromatography (HPLC). All the DNA oligonucleotides used in the present studies are listed in Table 1 . The dyes were attached to the thymine at the 5′ or 3′ end of the DNA molecules through a spacer composed of six saturated carbon− carbon bonds to ensure the rotational freedom of the dye molecules such that all relative dipole orientations were sampled much faster than the time scale of the measurements, giving rising to an average orientation factor (κ 2 ) of 2/3. 28 The DNA duplexes were formed through the well-studied NCchaperoned strand annealing between the Cy3-labeled DNA oligonucleotides and their complementary Cy5-labeled DNA oligonucleotides as described previously. 40, 41 Some mismatched nucleotides were included in several Cy5-labeled DNA oligonucleotides (highlighted with underlines and marked in red in Table 1 ) to form DNA duplexes with internal loops at the midpoint of the duplexed DNA segments upon strand annealing. Biotin functionalization was added to the 3′ end of the Cy3-labeled oligonucleotides for the immobilization of the molecules on coverslips through biotin−streptavidin interactions. The HIV-1 NC protein for these experiments was prepared following the protocol reported previously. 42, 43 Flow Cell System for SM-FRET Measurements. The short segments of DNA duplexes labeled with Cy3 and Cy5 at the two ends were formed through the NC-chaperoned annealing reactions carried out in a home-built flow cell system. Typically, 10 nM Cy5-labeled oligonucleotides and 1 μM NC protein solutions were coflowed into the flow cell to react with the Cy3-labeled oligonucleotides that were immobilized on the coverslip surface to form the DNA duplexes. The kinetics of the annealing reactions could be studied in great detail using SM-FRET as described in previous papers. 40, 41 The commercial coverslips (Fisher Scientific) were cleaned with piranha (sulfuric acid:hydrogen peroxide, 7:3) and then treated with Vectabond/acetone 1% w/v solutions (Vector Laboratories, Burlingame, CA) for 5 min. Each coverslip was subsequently PEGylated and biotinylated, after which a reaction chamber with inlet and outlet ports (Nanoport, Upchurch Scientific, Oak Harbor, WA) was assembled. The details of the chamber assembly process and the immobilization of DNA oligonucleotides on the coverslip surface have been described previously. 27, 43 All the reactions were carried out at room temperature in HEPES buffer (25 mM HEPES, 40 mM NaCl, and 0.2 mM MgCl 2 , pH = 7.3) in an oxygen scavenger system 33 containing β-D(+)glucose 3% w/ v (Sigma-Aldrich, St. Louis, MO), glucose oxidase 0.1 mg/mL, catalase 0.02 mg/mL (Roche Applied Science, Hague Road, IN), and 1% v/v 2-mercaptoethanol (Sigma-Aldrich, St. Louis, MO).
Confocal Fluorescence Microscope for SM-FRET Measurements. A home-built scanning confocal optical microscope system based on a Zeiss inverted microscope 27, 40, 41, 44 was used in these SM-FRET experiments. A Queensgate X,Y scanning stage (NPW-XY-100A, Queensgate, Torquay, U.K.) was used to scan the samples. An oil immersion, high numerical aperture objective (Zeiss Fluar, 100×, NA 1.3) was used for excitation (514 or 633 nm) and signal collection. An argon gas laser (514 nm) (Melles Griot) and a HeNe laser (633 nm) (Melles Griot) were used for excitations, and the laser power focused on the samples was typically 8 μW for the argon laser or 1 μW for the HeNe laser. The donor and acceptor fluorescence were separated by a dichroic beam splitter (Chroma 630 DCXR, Chroma Tech., VT) into two beams, and each was detected by an avalanche photodiode (APD) (Perkin-Elmer Optoelectronics SPCM-AQR-15, Vaudreuil, QC, Canada).
Data Collection and Analysis. The time-resolved FRET trajectories of individual molecules were recorded using the scanning confocal microscope in two data collection modes: image scanning mode and individual trajectory mode. In the image scanning mode, SM-FRET data were collected synchronously through separate detection channels for Cy3 and Cy5 fluorescence intensities while rapidly switching the laser excitation between 514 and 633 nm (29 kHz), which selectively excited Cy3 and Cy5, respectively. For each scanned sample region, three confocal images were obtained simultaneously including a donor image (514 nm excitation), an acceptor image (514 nm excitation), and a red channel image (633 nm excitation). The SM-FRET images were acquired at several times, t, with typical time intervals of ∼230 s between adjacent images. A custom-written Matlab routine was used to find individual molecules, calibrate stage-drift, subtract image background, correct donor/acceptor signal cross-talks, and calculate FRET efficiencies for each molecule. The corrected donor and acceptor intensities, I D (t) and I A (t), respectively, were used to calculate the trajectories of apparent FRET efficiency, E A (t), using the following equation
The actual FRET efficiency, E FRET (t), is related to E A (t) by the inclusion of the dye quantum yields, φ i , and detector quantum efficiencies, η i , as in 
To accurately calculate E FRET , the changes in the quantum yields of both the donor (ϕ D ) and the acceptor (ϕ A ) due to protein binding should also be taken into consideration. 27 It was determined that E A (t) ≈ E FRET (t) 43, 45 in the case of the current experimental setup. Since we used SM-FRET to probe the conformational dynamics rather than the absolute end-toend distances of the DNA segments, the E A values obtained from the SM-FRET images were used to plot all the FRET trajectories and histograms.
In the individual trajectory mode, the laser (514 nm excitation) was focused on one individual immobilized molecule each time to continuously record the donor and acceptor trajectories typically for several seconds until the dyes were photobleached. The raw data of the SM-FRET trajectories were recorded with 1 ms time resolution, and the individual E A (t) trajectories were subsequently boxcar time averaged or "smoothed" using different bin times, τ B , of, for example, 2, 10, 50, and 250 ms. During boxcar averaging, a group of N adjacent E A (t) points were averaged together where N = τ B /τ D . Here τ D was the time spacing in the original nontime-averaged data, which was 1 ms in the present case. The boxcar time-averaged SM-FRET trajectories were then combined to yield ensemble E A histograms. The E A autocorrelations were calculated with 1 ms time resolution using the following equation
The ensemble SM-FRET histograms were obtained by combining all the spectroscopic occurrences within SM-FRET trajectories from many individual molecules under the same condition. The data from molecules that were photobleached within 2 s were discarded. The ensemble FRET autocorrelation curves were obtained by averaging SM-FRET autocorrelations of many individual molecules under the same condition.
■ RESULTS AND DISCUSSIONS Scheme 1 illustrates the typical molecular constructs that were used in SM-FRET measurements, which included some modifications to those reported in our previous paper. 27 The donor and acceptor dyes were labeled at the two ends of the duplexed DNA segment and attached to the different DNA strands in the duplex. Biotin was attached to the end of the DNA segment instead of being in the middle of the duplex such that the interference from surface immobilization can be in principle minimized. The surface of the coverslip was functionalized with a self-assembled monolayer of PEG to suppress the nonspecific interactions between the biomolecules of interest and the coverslip surface. The bending of the DNA segments upon NC binding, which was instantaneously accompanied by changes in the end-to-end distance of the DNA, was monitored in real time using FRET. The timeresolved FRET trajectories of individual molecules were recorded using a combination of the image scanning mode and the individual trajectory mode. The image scanning mode was used to globally image the samples to study relatively slow dynamics on a time scale of minutes, while the individual trajectory mode was used to study relatively fast dynamics on the time scales from milliseconds to seconds. Conformational Dynamics of Fully Duplexed TAR− cTAR Segments. Using SM-FRET, we first set out to study how the binding of NC modifies the conformational dynamics of a 59-bp fully duplexed DNA segment corresponding to the TAR sequences of the HIV-1 proviral DNA. The duplexed DNA segment under current investigations was formed though NC-chaperoned annealing of a Cy5-labeled cTAR DNA hairpin to a Cy3-labeled TAR DNA hairpin immobilized on a coverslip, which has been previously studied in great detail. 27, 40, 41 Figure   1A shows the SM-FRET trajectories (obtained in image scanning mode) of 120 DNA duplex molecules found in a 30 μm × 30 μm region and the corresponding molecularly averaged E A trajectory during two different time periods. During time period I, the immobilized DNA duplexes were exposed to 2 μM NC, while during time period II the DNA molecules were exposed to buffer. The dissociation constant (K d ) values for NC's binding to various duplexed DNA segments and DNA hairpins have been measured to be in the range of 50−400 nM under various buffer conditions. 22 A NC concentration of 2 μM, which was well above the K d , was used in the present case to ensure saturated binding of NC to the DNA substrates. The significantly reduced end-to-end distances of the NC-bound DNA duplexes in comparison to those of the naked DNA duplexes in buffer were a direct result of NCinduced DNA bending. Since this dsDNA segment is shorter than the DNA's persistence length, the naked duplexes can be regarded as rigid rods with an end-to-end distance of ∼20 nm, which should correspond to FRET close to 0. However, when bound with NC during time period I, the DNA duplexes were sharply bent to give much smaller end-to-end distances that fell into the regime where FRET efficiency became sensitive to the distance between Cy3 and Cy5. The rapid fluctuation in the E A values of individual molecules and the large standard deviations of the molecularly averaged E A values indicated that multiple conformations of the DNA−NC nucleoprotein complexes interconverted dynamically at room temperature on the time scale of minutes. During time period II, the bound NC molecules were washed off the DNA segments by flowing buffer into the reaction chamber. As shown in previous papers, 27 ,40 the bound NC can be completely removed from DNA duplexes or DNA hairpin structures by performing this buffer wash step for ∼100 s. It was observed that the FRET values of individual molecules became very close to zero after a buffer wash. This clearly indicated an increase in the end-to-end distances of the DNA duplexes because the possibility of acceptor photobleaching or strand dissociation was ruled out by the measurements of Cy5 emission excited by the HeNe laser (633 nm excitation). In contrast to the NC-bound DNA segments, the naked DNA segments in buffer showed relatively static extended conformations. There were relatively small fluctuations in FRET with a very small probability of having FRET values larger than 0.3 (<3%). The standard deviations of the molecularly averaged E A values also significantly decreased in comparison to those of the duplexes in 2 μM NC. These indicated that the equilibrium distribution of naked DNA duplexes strongly favored the extended conformations with end-to-end distances much larger than the Forster radius of the Cy3−Cy5 pair (∼6 nm), 38 and the probability of observing conformational dynamics associated with sharp bending of the TAR−cTAR duplexes in the absence of NC was extremely rare. These results are in line with our previous observations on DNA segments with biotin functionalization added in the middle of the duplexes. 27 One straightforward way to illustrate the conformational dynamics of the DNA−NC complexes is to compare the E A histograms of all spectroscopic occurrences ( Figure 1B , upper panel) with those of the time-averaged E A ( Figure 1B , lower panel). Here the time-averaged E A refers to the average E A of each molecule in all scanned images. For the DNA duplexes in buffer, there was only one peak centered at ∼0.05 in the E A histogram for all spectroscopic occurrences. This peak remained at the same position but became narrower in the time-averaged E A histograms simply due to the signal averaging. For the DNA duplexes in 2 μM NC, multiple peaks showed up in the E A histogram of all spectroscopic occurrences, indicating the coexistence of several highly bent (E A > 0.4) and less bent (0.1 < E A < 0.4) conformations. These conformations dynamically interconverted in a highly reversible manner on a time scale of minutes, giving rise to a single-peaked distribution centered at ∼0.4 in the time-averaged E A histogram. The fully reversible conformational changes over a time scale of minutes can be further verified by "subensemble" analysis on the E A trajectories as shown in Figure S1 in the Supporting Information. Figures 1C and 1D show representative SM-FRET trajectories, obtained in the individual trajectory mode (bin time of 10 ms), of the TAR−cTAR DNA duplex in buffer and in 2 μM HIV-1 NC, respectively. One of the simplest ways to represent SM-FRET data is to show the ensemble E A histograms. To construct ensemble E A histograms, the individual E A (t) trajectories were boxcar time-averaged with varying bin times, τ B , of 2, 10, 50, and 250 ms. The boxcar timeaveraged single molecule trajectories were combined to yield ensemble E A histograms as shown in Figures 1E and 1G . As shown in Figure 1C , the naked DNA displayed very small FRET fluctuations on time scales ranging from milliseconds to seconds, indicating a relatively static conformation of the DNA duplex in buffer. The single-peaked E A distribution centered at ∼0.05 agreed very well with the E A histogram obtained using the image scanning mode shown in Figure 2B . The τ B = 2 ms E A histogram showed a relatively broad peak corresponding to the predominant extended conformation of the DNA duplexes. The width of the peak was primarily due to photon shot noise rather than E A fluctuations, which was verified by the fact that as τ B increased the single-peak feature in the ensemble E A histograms became significantly narrower without any peak position shift.
Ensemble E A autocorrelation is another way to characterize E A dynamics. Figure 1F shows the ensemble E A autocorrelation for the naked TAR−cTAR DNA duplexes in buffer, which clearly shows no observable conformational dynamics over time scales from milliseconds to seconds, further verifying the static, extended conformation of the naked DNA duplexes. The SM-FRET results obtained in both the image scanning and individual trajectory modes are in line with the classic picture of duplexed DNA in which dsDNA shorter than the persistence length is considered to behave like a rigid rod. 1 Although some recent experimental observations have suggested that duplexed DNA might be more flexible, especially on the nanometer length scale, 19,46−48 than described in the classic picture, SM-FRET results reported here apparently show that the probability of observing sharp bending of TAR−cTAR duplexes, which is evident by a significant increase in E A , is extremely rare for DNA molecules in absence of NC.
In striking contrast to the naked DNA in buffer, the DNA− NC nucleoprotein complexes showed highly complex conformational dynamics over multiple time scales. As shown in Figure 1D , the E A trajectory of one representative DNA−NC complex molecule in the presence of 2 μM NC displays dynamic conformational fluctuations. The ensemble E A histograms ( Figure 1G ) built from individual molecular trajectories clearly showed the multipeaked features, corresponding to the presence of multiple DNA bent conformations. The dynamics of the conformational fluctuations were found to be very complicated. At τ B = 2 ms, the E A histogram showed a very broad feature that possibly contained several photon shot noise-dominated broad peaks that overlapped with each other. As the τ B values were progressively increased, each feature gradually got narrower and became distinguishable from each other. It is noteworthy that as τ B increased, in addition to the increase in the signal-to-noise ratio of the data due to time averaging, the E A fluctuations were, however, also smoothed, or averaged, out of the data by this process if the conformational dynamics of the molecules occurred on a time scale faster than τ B . Although some fast conformational dynamics on a time scale of milliseconds were averaged out as τ B was increased all the way from 2 to 250 ms, several conformations with apparent lifetimes longer than subseconds, which were evident by the presence of several distinguishable features in the E A histograms with τ B of 250 ms, could be clearly observed. The ensemble E A autocorrelation curve could be well fit using at least a three-step exponential decay with relaxation times over multiple time scales from milliseconds to subseconds. Such a complicated multiple time-scale decay profile of the E A autocorrelation further suggested that in addition to the existence of multiple conformations there might also be multiple reaction pathways for the interconversion between the various conformations. The complicated heterogeneity in the conformational dynamics of the DNA−NC complexes is likely a result of the heterogeneous NC−nucleic acid interactions.
The E A fluctuations over the multiple time scales observed here are direct consequences of the dynamic conformational changes of the biomolecules. The possible complication due to photophysics of the labeling dyes was ruled out by SM-FRET measurements performed on TAR−cTAR duplexes with the donor and acceptor dyes at the same end of the DNA duplex. As shown in Figure S2 in the Supporting Information, the E A trajectory for each individual molecule showed very small fluctuations around E A of 1 both in the presence of 2 μM NC and in buffer, which indicated that the interference from photoblinking or other processes associated with dye photophysics causing E A fluctuations was not a significant issue under the current experimental conditions. The ensemble E A autocorrelation amplitudes shown in Figure S2 (Supporting Information) were extremely small in comparison to that illustrated in Figure 1 . These small E A autocorrelation amplitudes are presumably due to the localized base-pair breathing in dsDNA, which typically occurs on a millisecond time scale.
48−51
Reversibility and Sequence Specificity of NC DNA Bending Behavior. The dynamic nanoscale DNA bending observed here is a direct consequence of NC binding to DNA, which has been reported to be highly dynamic and reversible. 22, 40, 42 Here, we have performed multiple cycles of switching between 2 μM NC and buffer solutions, and the DNA bending/unbending was observed to be fully reversible ( Figure S3 in Supporting Information). As demonstrated previously, 27 it is highly likely that the reversible bending/ unbending of the DNA segments essentially arises from the dynamic association/dissociation of NC with the DNA substrates.
Although HIV-1 NC has higher binding affinity to GT-rich sequences, it binds to various nucleic acid sequences and structures in a nonsequence-specific manner. 22 Therefore, the DNA bending behavior of NC is expected to be nonsequencespecific at high NC concentrations when the GT-rich regions and the lower affinity binding sites on the DNA are all saturated with NC. The most straightforward way to test this is to perform SM-FRET measurements on DNA segments with sequences different from the TAR−cTAR model sequences. Figure S4 in the Supporting Information shows the SM-FRET trajectories (obtained in the image scanning mode) of 210 molecules revealing the conformational dynamics of a fully duplexed 59-bp proviral DNA segment corresponding to the transcripts of the SL3−SL4 ψ recognition element region of the HIV-1 genome (see the sequences in Table 1 ). Very similar to the TAR−cTAR sequences, dynamic nanoscale DNA bending was observed in the presence of 2 μM NC, whereas the DNA segments showed relatively static, extended conformations in buffer solution. The NC-induced DNA bending could be effectively inhibited in the presence of excessive nonspecific binding competitors, such as Mg 2+ ( Figure S5 in Supporting Information), further verifying the nonsequence specificity of NC's DNA bending behavior. Such nonsequence-specific DNA bending behavior suggests that NC can induce the formation of many sharp DNA kinks all the way along the proviral DNA chain, leading to the effective proviral DNA condensation. It is also likely that the bound NC molecules are mobile rather than localized on the proviral DNA due to lack of sequence specificity, giving rise to the complicated and heterogeneous conformational dynamics of the DNA−NC complexes.
Conformational Dynamics of DNA Duplexes with Internal Loops. One of the key features of NC's nucleic acid chaperone activity is NC's capability to partially melt the Watson−Crick base pairs in the duplexed regions of nucleic acids.
22,42,44,45,52−54 Such duplex-melting behavior of NC is essentially a result of NC's stronger binding preference to single-stranded than double-stranded regions. 22,42,44,45,52−54 It is essentially these locally melted regions, also known as "bubbles", that have been reported to serve as the nucleation sites for the initiation of the annealing reactions during the minus strand transfer in reverse transcription. 40, 41, 43 It is hypothesized that the NC-induced sharp DNA bending is directly related to NC's abilities to shift the secondary structure of duplexed DNA toward partially melted conformations with transient bubbles distributed along the DNA chain that locally disrupt the DNA duplexes, giving rise to the significantly increased structural flexibility of the DNA duplexes.
In comparison to fully duplexed DNA segments, the presence of internal loops near the midpoint of a short DNA duplex segment is hypothesized to help stabilize the highly bent conformation of DNA upon NC binding. The presence of such internal loops should also in principle profoundly change the energy landscape of the DNA bending process, thereby shifting the relative population of the various bent conformations at equilibrium and modifying the conformational dynamics. To test this hypothesis, we have performed SM-FRET measurements on duplexed DNA segments of mutated TAR−cTAR sequences with either a symmetric or an asymmetric looped region, also called as a "bubble", at the midpoint of the segments.
SM-FRET data shown in Figure 2 illustrate the conformational dynamics of the TAR−cTAR mismatch1 DNA duplexes (see the sequences in Table 1 ) in 2 μM NC and in buffer over multiple time scales. This duplexed DNA segment has a symmetric looped region composed of three nucleotide mismatches at the midpoint of the segment. Figure 2A shows the SM-FRET trajectories (obtained in the image scanning mode) of 197 molecules found in a 30 μm × 30 μm region and the corresponding molecularly averaged FRET trajectory. During time period I when 2 μM NC was flowed into the reaction chamber, the E A values of each molecule fluctuated around 0.6, giving rise to a single-peaked feature in the E A histogram of all spectroscopic occurrences as shown in the upper panel of Figure 2B . The profile of the E A distribution was far from a Gaussian line shape and was asymmetrically broadened with a shoulder extending to the low E A region. The histogram of time-averaged E A (lower panel of Figure 2B ) showed that the E A peak became significantly narrower without significant changes in its asymmetric profile after time averaging, indicating that the peak broadening was not only
The Journal of Physical Chemistry B dominated by photon shot noise but due to the presence of multiple conformations as well. In contrast to the fully duplexed TAR−cTAR segments in 2 μM NC (see Figure 1 ) which showed several highly bent and less bent conformations with comparable populations at equilibrium, the highly bent conformation corresponding to E A of 0.6 dominated the distribution of conformations at equilibrium for this internally bubbled DNA segment. After a buffer wash step (time period II), the naked bubbled DNA duplexes in buffer showed much larger E A fluctuations than the fully duplexed DNA segments in buffer. As shown in the upper panel in Figure 2B , the E A histogram of all spectroscopic occurrences for the TAR−cTAR mismatch1 DNA duplexes in buffer displayed an asymmetric peak at around 0.2 with an asymmetric tail on the large E A side, indicating bent conformations for this DNA segment. An internally looped region in a DNA duplex is structurally flexible, and kinking of DNA segments typically occurs at the loop regions. 46,55−57 It is likely that the bubble at the midpoint of the segments provide a flexible region where a kink is formed with two rigid duplexed arms jointed at the bubble region, forming a V-shaped structure. Since the bubble is structurally flexible, the two arms can move around flexibly, giving rise to the E A fluctuations observed here. The looped DNA duplex already adopts bent conformations in buffer and becomes more sharply bent upon NC binding possibly due to the increased structural flexibility of the two arms and/or increased kinking angles at the bulge region. In analogy to the fully duplexed DNA segments, the binding/unbinding of NC to this internally looped DNA segment is also reversible. Therefore, NC also exhibits reversible DNA bending behavior to TAR−cTAR mismatch1 DNA segments as shown in Figure S6 in the Supporting Information.
SM-FRET measurements obtained in the individual trajectory mode provided more information about the conformational dynamics of this looped DNA segment on time scales from milliseconds to seconds. Figures 2C and 2D show the SM-FRET trajectories of one representative molecule for the bulged DNA segment in 2 μM NC and buffer, respectively. When bound with NC, the bulged DNA segments were mostly highly bent with E A values fluctuating around 0.6 but sometimes adopted less bent conformations with E A values below 0.5. For naked DNA in buffer, E A fluctuated around 0.2 for most of the time and switched to some high E A over 0.4 occasionally. The E A transitions between the different bent conformations were not instantaneous but rather gradual, indicating that the conformational changes were rather continuous than abrupt. Figures 2E and 2G show the ensemble E A histograms of the TAR−cTAR mismatch1 DNA segments in 2 μM NC and buffer, respectively. As we gradually increased the τ B , the dominating E A peaks at 0.6 and 0.2 became sharper, while some less populated E A states became better resolved. There were multiple conformations and interconversion pathways in these dynamic molecular systems as multiple exponential decays were used to fit the ensemble E A autocorrelations ( Figures 2F and 2H) , and the conformational dynamics spanned time scales from milliseconds to subseconds. The E A autocorrelation amplitude of the looped DNA in NC was smaller than that of the fully duplexed DNA in NC, indicating a reduced structural fluctuation of highly bent DNA conformations.
We have also performed SM-FRET measurements on a mutated TAR−cTAR duplex with an asymmetric bubble in the midpoint of the segment. SM-FRET data shown in Figure 3 illustrate the conformational dynamics of the TAR−cTAR mismatch2 DNA duplexes (see the sequences in Table 1 ) in 2 μM NC and in buffer. Very similar conformations and conformational dynamics were observed for this asymmetrically looped DNA segment in comparison to the DNA segments with a symmetric internal loop shown in Figure 2 , except that breaking the loop symmetry resulted in a further increased structural flexibility of naked DNA segments in buffer and a decreased structural flexibility of the highly bent conformations for DNA bound with NC according to the peak widths of E A histograms ( Figures 3B, 3E, and 3G ) and E A autocorrelation amplitudes ( Figures 3F and 3H) . NC also exhibits highly reversible DNA bending behavior to TAR−cTAR mismatch2 DNA segments, as shown in Figure S7 in the Supporting Information.
There are two major conclusions we can draw based on the SM-FRET data shown in Figures 2 and 3 . First, internally looped DNA duplexes are structurally much more flexible than the fully duplexed DNA segments in buffer, and the internal bubble provides a flexible region which is largely responsible for the dynamic kinking of the DNA segments observed here. Second, the presence of a bubble at the midpoint of a DNA segment can help stabilize the highly bent DNA conformations and shift the equilibrium toward the highly bent conformations upon NC binding.
DNA Bending Behavior of NC Mutants. The two main features of NC nucleic acid chaperone activity are its abilities to aggregate nucleic acids and to destabilize nucleic acid duplexes, 22 both of which are hypothesized to be crucial to NC's DNA bending capability as well. To test our hypothesis, we have performed SM-FRET measurements to systematically compare the DNA bending behaviors of the wild-type HIV-1 NC protein and NC mutants lacking either the zinc fingers or the basic N-terminal domain.
It has been known that NC zinc fingers are responsible for the destabilization of the duplexed regions of nucleic acids. 22, 42, 44, 45, [52] [53] [54] 58 The destabilization free energy per base pair for HIV-1 NC protein has been estimated to be ∼0.26 kcal/mol/bp. 59 This is a relatively moderate effect, considering that the average melting free energy per base pair at 37°C is ∼2 kcal/mol/bp for DNA duplexes. 60 However, it may be sufficient to significantly shift the equilibrium toward the partially melted DNA conformations and increase the probability of having transient bubbles along the DNA segments, leading to a significant increase of the DNA's structural flexibility. To examine the role of the zinc fingers in the nanoscale DNA bending, SM-FRET measurements were carried out with NC (SSHS), 53 ,54 a zinc-free mutant of the HIV-1 NC. This NC mutant is a variant in which all three cysteines in each zinc finger were changed to serine (illustrated in Figure 4A ). This is the smallest change one can make to NC that will essentially destroy the metal ion binding sites, while still allowing retention of neighboring residues such as certain basic and aromatic amino acids, which are also important for HIV-1 NC nucleic acid binding. It has been previously reported that this NC (SSHS) mutant is incapable of destabilizing DNA duplex structures due to a lack of properly folded zinc finger structures. 52−54 As shown in the top panel of Figure 4B , no apparent nanoscale bending of the TAR−cTAR DNA duplex was observed even in the presence of NC (SSHS) at a concentration as high as 2 μM. In dramatic contrast to the wildtype NC which can increase the flexibility of duplexed DNA segments, the binding of NC (SSHS) to the internally looped DNA duplexes resulted in a significant increase in the rigidity of the DNA segments as indicated by the decrease in the E A values and the narrowing of the E A distribution (see the middle and bottom panels of Figure 4B ). Such increased rigidity of DNA can be interpreted as a result of saturated binding of NC (SSHS) to the DNA segments, forming a rigid coaxial filament composed of a positively charged protein shell surrounding a negatively charged DNA core. This clearly verifies that NC zinc fingers, which play crucial roles in the duplex destabilization, are indispensible to NC's DNA bending capability.
We have also studied the DNA bending behavior of NC (11−55), 22,26,61−63 an N-terminus truncated mutant that lacks the first ten residues (see Figure 5A ). It is well-known that the cationic N-terminal domain is a major factor in NC's nucleic acid binding and aggregation activity. (11−55) can also bind to nucleic acids with submicromolar K d and locally melt the duplexed regions of the nucleic acids, 26, 61, 64 it is incapable of aggregating nucleic acids due to lack of the basic N-terminal domain. As shown in the top panel of Figure  5B , no apparent nanoscale bending of the TAR−cTAR DNA duplex was observed in 2 μM NC (11−55). For the two looped DNA duplexes, the E A distributions in 2 μM NC (11−55) and in buffer were extremely similar as shown in the middle and bottom panels of Figure 5B . These clearly indicate that the Nterminal domain is also indispensible to NC's DNA bending capability. We hypothesize that the N-terminal domain may contribute to the DNA bending through the charge neutralization of the phosphate backbone and probably more importantly through the creation of intramolecular interactions. The cationic N-terminal domain can effectively neutralize the phosphate backbone of the DNA to reduce the rigidity of the DNA segments, and asymmetric charge neutralization of the phosphate backbone leads to the generation of a lateral force perpendicular to the DNA axis 52 which may induce the DNA bending. More importantly, strong intramolecular attractive interactions, which may provide additional force for the DNA bending, can be created when multiple copies of NC are bound to the DNA segments due to NC's unique nucleic acid aggregating capability.
The SM-FRET measurements on the two NC mutants provide strong evidence that both the basic N-terminal domain and the zinc fingers of NC are crucial to NC's DNA bending behavior. The intramolecular attraction force generated due to the nucleic acid aggregation propensity of NC's N-terminal domain may provide the primary driving force for the DNA bending; however, it does not fully account for the sharp bending of short dsDNA segments observed in the present case. To allow the sharp bending of short dsDNA segments to occur at reduced energy cost, localized duplex destabilization induced by NC zinc fingers is crucial as well. Although the melted/kinked regions might occur upon NC binding with enhanced probability at some locations along the DNA segments, they might also be free to diffuse along the DNA chain when the conformational interconversion of the nucleoprotein complexes occurs, which may essentially contribute to the highly complex conformational dynamics and heterogeneity associated with this nanoscale DNA bending process.
Correlation between DNA Bending and NC Binding Stoichiometry. We have characterized the bending of TAR− cTAR DNA duplexes in the presence of varying NC concentrations, which provided important evidence that effective bending of a DNA duplex required the binding of multiple copies of NC to the DNA substrates. As reported previously 27 (also shown in Figure S8 in Supporting Information), with an increase in NC concentration bent DNA conformations became increasingly populated in comparison to the extended conformations, and the fraction of highly bent versus less bent conformations also gradually increased. The effective bending of the DNA segments, which was evident by the characteristic multipeaked features of the E A histograms, was achieved at NC concentrations above 1 μM. It indicated that effective DNA bending required saturated binding of multiple copies of NC to the DNA substrates, which could be achieved only at high NC concentrations. As shown in Figure 6 , the sharp increase in the molecularly averaged FRET (<E A >) over a narrow NC concentration window implies that the DNA bending process is highly cooperative, involving multiple NC molecules bound to one DNA segment. We fit the experimental data using a leastsquares fitting process with the following modified Hill equation
where <E A > 0 is the <E A > value in the absence of NC; <E A > max is the <E A > value upon saturated NC binding; K is the NC concentration producing an <E A > value that equals (<E A > 0 + <E A > max )/2; and n is the Hill coefficient. A best fit with an Rsquare value of 0.9917 was obtained when <E A > max − <E A > 0 = 0.3326, n = 4.203, and K = 704.2 nM (see the red curve in Figure 6 ). This n value was much larger than 1, indicating the high cooperativity of the DNA bending process. The binding footprint size of NC on nucleic acids was estimated to be 7−8 nucleotides for single-stranded and 3−4 base pairs for double-stranded regions, 23, 24, 59 respectively. Since the TAR−cTAR DNA duplex is 59-nt in length, it is hypothesized that the efficient bending of this DNA segment involves the binding of roughly 15−20 copies of NC to the DNA under saturating NC binding conditions. To gain further insight, we have performed SM-FRET measurements on DNA segments with shorter lengths. Figure 7A shows FRET histograms (obtained in image scanning mode) for the miniTAR−minicTAR DNA duplexes (see the sequences in Table 1 ) in 2 μM NC and in buffer. This DNA segment is a truncated TAR−cTAR segment with 27 base pairs, which only allows binding of roughly 6−9 copies of NC under saturating NC binding conditions. It is apparent that 6−9 copies of NC were not enough to bend this DNA segment efficiently as evident by the fact that the fraction of bent conformations with E A larger than 0.4 was very small (<5%) at NC concentration of 2 μM. We have also measured the bending of short duplexed DNA segments with either a symmetric bubble (miniTAR− minicTAR mismatch1 duplexes, see the sequences in Table 1) or an asymmetric bubble (miniTAR−minicTAR mismatch2 duplexes, see the sequences in Table 1 ) at the midpoint of the segments (see Figures 7B and 7C) . In both cases, we hypothesized that 6−9 copies of NC were bound to one DNA segment under saturating NC binding conditions with one copy of NC bound to the loop region and 3−4 copies of NC bound to each duplexed arm adjacent to the bulge. The characteristic peaks in the E A histograms became broader upon NC binding, indicating that NC could induce an increase in the structural flexibility of the DNA segments. However, the DNA segments bound with NC showed small shifts of E A toward higher values with respect to the E A values of naked DNA segments in buffer. It is apparent that NC does not bend these shorter DNA segments as sharply as those longer segments shown in Figures 1, 2, and 3 .
This less effective bending of these short DNA segments can be interpreted as a result of having fewer NC proteins bound on each DNA segment. Since there are only 3−4 copies of NC allowed to bind to each arm, the intramolecular interactions, or the "bridging" effects, between the two arms arising from the NC's nucleic acid-aggregating behavior are rather limited in comparison to those longer sequences on which 7−9 copies of NC are bound on each arm. Therefore, it is not surprising that these shorter DNA segments are less sharply bent than the longer segments under saturating NC binding conditions. This strongly indicates that the sharp DNA bending over a nanometer length scale is correlated to NC's binding stiochiometry. Binding of multiple copies of NC to the DNA substrates under saturating NC binding conditions favors the sharp DNA bending.
■ SUMMARY
We have studied the highly complex conformational dynamics associated with the HIV-1 NC induced nanoscale DNA bending using SM-FRET. In striking contrast to fully duplexed DNA segments in buffer which show relatively static extended conformations, the DNA bound with multiple copies of NC shows multiple bent conformations which dynamically interconvert over a broad distribution of time scales from milliseconds to minutes. NC's DNA bending behavior has two interesting features. First, NC distorts the DNA local structures dynamically and reversibly over nanometer length scale. Second, NC bends DNA in a nonsequence-specific manner at micromolar level NC concentrations.
In comparison to fully duplexed DNA segments, the presence of an internal loop in a DNA segment significantly changes the energy landscape and conformational dynamics of the DNA bending process. While the bubbled DNA duplexes readily adopt bent conformations in buffer, they become more sharply bent upon binding of multiple copies of NC. The presence of an internal bubble at the midpoint of a DNA segment can shift the equilibrium toward the highly bent conformations upon NC binding and help stabilize the highly bent conformations of the DNA.
The binding of NC to DNA is accompanied by two major consequences, both of which provide crucial contributions to the nanoscale DNA bending. First, the flexibility of the DNA duplexes dramatically increases due to duplex destabilization induced by NC zinc fingers and charge neutralization of the phosphate backbone. Second, upon binding of multiple copies of NC to a DNA segment, intramolecular interactions, which provide the driving force for DNA bending, are created due to the nucleic acid aggregation propensity of the N-terminal domain. Comparative studies on DNA bending behaviors of the wild-type HIV-1 NC and NC mutants show that both the basic N-terminal domain and the zinc fingers of NC are indispensible to NC's DNA bending capability. By varying the NC concentrations or the length of DNA segments, we have found that binding of multiple copies of NC to the DNA segments under saturating NC binding conditions is required for the sharp DNA bending over nanometer length scale.
On the basis of all these mentioned above, we propose that the dynamic nanoscale DNA bending observed here involves the formation of NC-induced nonbase-paired bubbles that locally disrupt the DNA duplexes. Each bubble may hypothetically act as a flexible hinge where a sharp DNA kink is created. NC-induced bubbles in a DNA duplex may be further stabilized or enhanced by additional "bridging" NC molecules between the two "arms" of the duplex jointed by the bubble. The intramolecular interactions arising from the nucleic acidaggregating propensity of NC may be generated among the multiple copies of NC bound to the "arms", which in this case favors a sharply bent DNA structure. These bubbles are transient and mobile in nature due to the dynamic association/ dissociation of NC and NC's nonsequence-specific interactions with the DNA substrates, which in turn gives rise to the complex conformational dynamics of the DNA−NC nucleoprotein complexes over a broad distribution of time scales. The highly dynamic conformations of the DNA−NC complexes imply that NC can induce a large number of flexible sharp DNA kinks along the proviral DNA, giving rise to highly compacted but dynamic conformations of the proviral DNA. In this way, NC can reduce the proviral DNA's rigidity globally without forming rigid local kink structures at specific sequences, which allows a series of viral or cellular proteins to access the proviral DNA for a multitude of biological tasks, such as the protection, nuclear import, and integration of the proviral DNA, during the retroviral life cycle. 
